
Iv7 AD—A 070 388 MISSISSIPP I STATE UNIV MISSISSIPPI STATE DEPT OF ELEC—ETC Ft’s iet ’~A STJCY OF THE E* INTERACTION WITH AIRCRAFT OVER AN I*ERFECT —ETt (U)
MAT 79 C TAYLOR . V NAIK. T CROW AFOSR—77—3342

UNCLASSIFIED AFW L—TR—78—163 pit.

__ 
__ 

-

~~~~~~ 

__

_•_!P51
I 

~~~~~~~
f lIg

~~~~
; fl !~L_‘01

A A



ft

AFWL-TR -78- 163
AFWL-TR-

78-1 63

A STUDY OF THE EMP INTERACTION WITH
AIRCRAFT OVER AN IMPERFECT GROUND PLANE

C. Tay lor
V. Noik
1. Crow

Dept. of Electrical Engineering
Mississippi State University o C
Mississippi State , MS 39762

May 1979 Jt~ 
22~91~

Final Report C’

A pproved for pub lic release; cir~1 im i t ed  distribu tion .

C-,

C-,

AIR FORCE WEAPONS LABORATORY
Air Force Systems Command
Kirt land Air Force Base, NM 87117

.s~~S— ,,_ — — - - -

- - ---- - - — .~~~~~~~~~ - — _ -_- _~ ________________________



_________________ __________________ __________ fI
~1 -r

AFWL—TR—78—163

This final report was prepared by the Mississipp i State University, Mississi~ pi
State , Mississippi , under AFSOR 77—3342 , Job Order 37630123 with the Air Force
Weapons Labora to ry , Kir t land Ai r Force Base , New Mexico. Capt H. C. Hudson (ELTI)
was the Laboratory Project Officer—in—Char ge .

When US Government drawings , speci f ica t ion s, or other data are used for any
purpose other than a def initely related Government procurement operation , the
Government thereby incurs no responsibility nor any obligation whatsoever , and
the fact that the Government may have formulated , f urnished , or in any way
sup p lied the said draw ings , specifications , or other data is not to be regarded
by impl ication or otherwise as in any manner licensing the holder or any other
person or corporation or conveying any rights or permission to manufacture , use ,
or sell any patented invention that may in any way be related thereto.

This report has been authored by a contractor of the US Government. Accord-
ingly , the US Government retains a nonexciusive royalty—free license to publish
or reproduce the ma terial con tained here in , or allow others to do so, for  the
US Government purposes.

This report has been reviewed by the Office of Information (01) and is
releasable to the National Technical Information Service (NTIS) . At NTIS it
will  be ava ilable to the general public , including foreign nationals.

This technical report has been reviewed and is approved for publication .

~Z~~/~#f 
~~~~~~~~~~~~~~~~~~~~~~~~~

HO1~ARD C. HUDSON
Capt, USAF
Projec t O f f icer

FOR ThE COMMANDER

~~~
P LIPJdASTILLO ~~

‘ DONALD A. DOWLER

~jChief , Tjchnology Branch Colonel , USAF
Chief , Electromagnetics Division

DO NOT RETURN THIS COPY . RETAIN OR DESTROY .

4
~~~~~~~~~~~~~~~~ ~~~~~~

~~~~~~~~



H
‘:~~ ~: ____________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~‘ ~!I •~~•& t ~ ‘I’ .~~A I*~~~ . 1 5 5 0 , 1

( ~j ) REPORT DOCUMENTATIO N PAGE i t t ;~~~~~~~~~~~~~
’
~

,.. ,)~~~~ A ,.~~~ Si~’N NO ‘ s . . ’ ’  A1’ ~~, i ,

- L~ ‘~ —___ I 
- _______-—

4 ~~~~~~ flJ ~..h. I. ~ ‘~ . ~~t ‘iIDQ~~ ~ P(~~u . D  .: .

( c ~~ •~ s’:’u~y 
~ F THE ~ ‘P ~ 1~ N ~‘H ~\ I i ~ ’~ .\LT ~ 

.~ F t u a  i
~~~~~~~~~~ 

~\‘ER .\~ IMPERFECT ~ROI’~ D ~‘1 \.NF . t 
~~~~~~~~~~~~~ ~~~ ~~Iø~ ’A ~~ M u M d~~~’~

‘ ~~~~~~~~~~~ 
S C3N1’~~A , T  ,~~~A0. 1 ~~~~~~~~~~~~ .1

I~ c .j r . t v t~~r . .)
I 

,~ V ./ ’N.~t k  ~~~~~~~~ .‘ ~\F R— ’
~ -~~ -..’ - ‘

~~~~~~~~

r. 
~~~~~ ________

~ W I 1 ~~~’~~ A N  ‘ 4A M  
- ,su .i&~o i

A , ) H , ~ •~~N ’ ’ N . ’.’b~~~- 4)

• c ’ .’ ~‘ .i F~ ~1 t~ ‘ 1/ -

‘(‘ ~T’r~ ~t ) I 2
~~~~~~~ ~~~~~~~~ “ t i t . , t~~~’r ~~ , t v

M i t  t~~p t St itt ’, ~~ ~Q 

~~~ I A
I ’  “, T U~~L, ‘i S.. • l~~~~ ‘4 AM~ A N D  AL)~~~P~~~~Ss U .~~fP’~~JT  ~ A T I

.~~t r  ~
‘ ‘ t • , t  ‘ ‘ I t ’ i ’U~~ L,t b t t l r ”  ~FLr l ( / / ~ M t9~~

)

~~~, rt l .ind A t  r F 5 ’r , ’ t ’ • i ~ -~~’ • NM A l l  1 ‘
—

~~
‘ ~1’ _~‘U O U T ’ T ’~~~,.~ ’T

~~, ~~~~~~~~ s.~~, ~~~ ~~~ .. V~~’ ‘i~Ls~ , i t  • I,.r. , ‘ C , n . r , l l , n j  O i l . , ,)  5 SE~~ J i l t ’  c ~~~ ~~~~~ ‘ ..i . 
—

~~~~

~~~~~~~~ E F I
5
’

, ., 
~~~~~~~~ I

. .. ‘,,‘il’. - A ,5 - M , .

‘S oIs ’~~~Ie u ’ I O N  S~ A ’f~~ ’.4I~ ‘4 t A l  Olb~~ 10)5 5 5 1 ’  
- -

:~pp r . ”ve d t’ ’r p u b i i ~’ rel~’~i~~ d l  •~ t r i b u t t L ’n u n l i m i t e d .

DIS1~~ I• UT I ON ~~ ~ t . l S’4  S , ,.t ~‘• ab.t,a, •nt.,.J ,n lii . , ) ,  2. ’ s , f ) ~~ o.~t lroon R.p.~ .’

‘ S  S t j P L (M~~ N’ A i l ’, ‘ 5”~~ ~

1 ~~~ s * Q 4 0 s  t bnl ’.u• s. ,., Sq$• i .s. O .., es,.,. .5,, a,, ‘ ., “ , ,“ ? .  •

: ~~~~~~ :r,~~~d
.\t r~’ ri t t  r r s n ~m i ~~ ton Line theory
S i n , ~ t ti.t r t t v d’anston Meth od

fl A S S ?  ~ A L • ( ‘ ,,,t ,,t aS ~ 5 0 ~~1• h I l~~ SI  ‘•~ 
- nd J. nh.N S. .l,.r* numb .,’ 

—- — -  —

rh~. st u dy  ‘t  t h i n  w ir e  on~. I ~u t . t t  tons , In ~‘. ir t  t~ ttl.ir th e I . it  . ‘d ~ t o  w I  ro
and ,‘r,’’seJ wi ro~ , above t h e  ~round plane h.s’~ been co n d u ct e d  ~t t  ill: In~ . i n . s I v~ I—

~‘ i i  t echn E q t ie  ~ r tn~ r l i v . ~ho fo  rmulat ion I t’ ,t~ ed on t r~iu~ n ~ ‘~ I on I tue t heo rv

~
nd ~

‘
~t i ~~ I .tr I t v ~xp~ns i on method t ~EM ’~ . \ . t t  tir .i I r ’~~ . n c  I .‘s • n.st u r i

.‘ t i  i- r.’n t ~5 ’t , ’ ~ •tnj  coup I in  ~ c o o t  , t  ~‘n t ,ire dote m ined . ~‘‘io ’~o re~i~i It ‘~
t~mpared w ir h ~~.‘ r , ’ t s t l t ’.4 .‘h t1s t n ed  ~‘v ‘ s t i  ior tnvo~ tt~z i t or’t Ss~-.l~ ’~ 1’1 ’nv.’t’t : n t l

n u m e ’ r t ,’ . i l  t . . h t i ! q t i e s .  ~

DD ~~~~~~~~ 147 3 ~~~~~~ I ~~~ ~~~~~~~~~~~~~~~~~~ t’N L~\ S S t t~~’~ _________—

sic.. .~ ‘~. ~., *5 %I,’i: 4 1 , .)’i ’’ ” ’.)S ~~~~~~~ )‘ es. ‘.,.~~~.,.,.., ‘

I / j ( .  (
/

1
/ . ‘



TABLE OF CONTENTS

Sec tion Page

TABLE OF CONTENTS 1

LIST OF FIGURES 2,3

LIST OF TABLES 4

I. INTRODUCTION 5

II. TIME HARMONIC ANAL? S IS . . • 
- 

.   7

2.1 Plane Wave Illumination of the Single Wire
Over a Perfec t Ground 7

2.2 Plane Wave Illumination of a Crossed Wire
Configuration Over a Perfect Ground .    9 9

2.3 Current Source Excitation of Crossed Wire
Configuration Over a Perfect Ground .    17

2.4 Lossy Ground Plane Considerations 22

III. TRANSIENT ANALYSIS 25

3.1 Singularity Expansion Method 25
3.2 Natural Modes and Frequencies for a Perfect

Ground Case 27
3.3 Natural Frequencies for a Lossy Ground Plane  30

IV. NUMERICAL RESULTS 31

V. CONCLUSIONS AND COMMENTS 43

REFERENCES 45

APPENDIX 47

A. Natural Modes and Coupling Coefficients . . 47

/

~/ .._sti
~.:

’1c.~ti01~ I__ I
— I

,
~ 

— —.5--— — —.. ~‘1._.~ L ~~~~~~~~~

~ IS —. ‘ ‘ — •

/Di~~t / “ ~~~~~d/o.~’

1 / 
~~~~~~~~~ / 

5P7a
.I -

‘

- -- -- ‘ ~~~~~~~— -~ -~ - —~~~~~~--~~~~~ —~~ ~~~~~~~~~~ 
-. S .--



_______ - -

LIST OF FIGURES

F i g u r e  Page

2.  1 T h i n  W i r e  Above P e r f o ct  Ground  S 
-

‘

2 , 2 T e r m i na t e d  Two—wire  T ransmiss ion  Line E x c i t e d  by
a P lane Wa ’~’e w i th  Norma l Incidence 

2 .  ( ‘rossed Wir es  O r i e n t e d  P a r a l le l  to Ground P lane
w i t h  ‘ - ‘ E l e m e n t  E x c i t e d  by a P lane  Wave Fie ld  . .

2. —. C ir c u i t  D i a g r a m  Represen t ing  the Conf igura t ion
Shown in F i g u r e  2 . 3 , where  Z~ Corresponds tO the
Ju n c t i o n  Impedence Formed by .~ and i

f 
E lements .

~~~‘ is I n f i n i t e  Cor respond ing  to the  Open End of
the  Element  11

2 . 5  C u r r e n t  Source E x c i t a t i o n  of the  Crossed Wire
C o n f i g u r a t i o n  Over a P e r f e c t  Ground 18

2 . 6  Transmiss ion  L ine  E q u i va l e n t  C i r c u it  f o r  the
C o n f i g u r a t i o n  Shown in F igure  2 . 5  18

.. . I N a t u r a l  C u r r e n t  Mode f o r  a Crossed Wire  for  a = 1 ‘

~s t r u c t u r e  over a ground p lane , t ransmiss ion  l ine
f o r m u lat i o n  r e su l t s  fo r  L 2~ = + , I~~ a f a f

1.9412 (arrows indicate directions assumed for
positiv e current)1 37

4 .2  Natural Current Mode for a Crossed Wire for a = 2
[structure over a ground plane , transmission line
formulation results for 1. — 2~ — + , /~~a f a t
1.9412 (arrows indica te directions assumed for

positive current)1 

. . 1 N a t u r a l C ur r e n t  Mode fo r  a Crossed Wire f o r  a • 3
[s t r u c t u r e  over a ground plane , t r ansmiss ion  l i n e
f o rmu l a t i o n  r e su l t s  fo r  L 2~ a + ~~~~~, 

- /~a t a f
— l.~~4I2 (arrows indicate directions assumed for
positive current) I 

4 .4 N a t u r a l  Cu r r en t  Mode f o r  a Crossed Wire  f o r  a 4 ‘

[structure over i ground p l a n e , transm ission line
formulation results for L — 2~ = 

~ 
+ ‘ f

1.9412 (arrows indicate directions assumed for
posi tive currentfl ~~~~



LI ST OF FI GU RES ( C o n t i n u e d )

• Figure Page

,-
,. S N a t u r a l  C u r r e n t  Mode f o r  a Crossed Wir e  fo r  -. — S

• (structure over a ground p l an e , t r a n s m i s s ion  l i n e
formulation results for L — 2~ — + - , - -

14 I .i t
• l. Q4l2 (arrows ind icate directions assumed for
positive currentl I .1

4 .~ N a t u r a l  Current  Mode for  a Crossed Wire  for  a •

[str ucture over a ground plane , t ransmission line
f tm nulatjon results for L • 2~ — + - ,a t a I

— L q 4 1 2  (arrows Indicate directions assumed for
positive current)1 

- -  S



-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LIST OF TABLI- :S

T a b l e  Page

N i t  u r a  I F’ r t ’qu en c les or ft i n  ~ i re \h ovt’ Loss~i: r , s~ind i, a — U . ~, • l t  — I . m • — I J ~ m
I — I :‘1, ’~~1(  

‘
~ 5’

- ,  . 2  N s t u r i  I ~‘re ~si , n . - j e s  for  ft i n  W i r e  At ’ov ( ’ I o s sv
s .r o un d  ( - t  — 2 . 0 m , h — . C , — -.I~~. t~ m • — I mod~ . 32

• . ~. i t u r i l  F r e q u en c i e s  or T~ in  W i r e  . tt  Different
H e i g h t s  Above I .‘ssv Ground P l an e  ( i — 1 mode~ . .

-. .~~~ N a t t t r . i l  Fr e q u en c i e s  f o r  T h i n  W i re at  P h i l e r e n t
1k- i gh t  s A b o v e ’ I.os s~- C r , ’tind 1’ l ane  t, — 2 node)  . . . ~~~

~ N i t  u t , i  ~ t t ~t t t ’fl, ’ i t ’ ’ -~ or Crossed t~’ I re (‘on I I gu r a t  ion
~~~~ r .i ~ round  I’ I ant ’ t • ‘ t - + - • L • / - — I . ~1 ,4 12

4 t .4 1 5

~us i :~~ cu r r e n t  so t ir c i ’ c x c i  t a t  j o~~l 3t~

-~ . ~ N~ t nr a 1 Frt ’q ut’n c I t or  Cr o s sed  ~%‘ I r .’s ( i s  oh t a I ned 1w
C r ow , et  .i l .~ f o r  + - — 1 , . / 2 , h / I .  — 0 . 1 ,

- S t .1 1

• (1 , 0 - ’, 

l~

.4

L_ -
~~~~~~~~~~ 

_ _ _ _



_ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I
SEc TION 1

INTRODUCTION

A p rob l em of c o n t i n u i n g  and w i d t ’sp~ e’ad i n t t -r e-~t In e l o c t r o —

:~Sa~zn e r  ic theory  is t ha t  of wire configurations u n d e r  c e r t a i n  spec I—

f ic c o n d i t i o n s .  The t r a n s i e n t  and h a r m o n i c  a n i  I \ s t ’s of t h i n — w i r e  S ’

s t r u c t u r e s  have been the  sub jec t  of investi gations for a number  o t

y ea rs .  An e a r ly  t r e a t m e n t  01 t h i n  ~~tres wa s giv en by Oseen [1] who

app lied the  nethod of retarded potentials to straight t h i n  wires and

ca l cu l a t ed  the  induced cu r ren t  on a wire by a transient Incident p

wave . Ha l l en  [2 1  used a slightly different form and derived a pure

i n t e g ra l  equa t i on  fo r  the induced c u r r e n t  on a t h i n  w i r e  and used i t

to derive analytical exprossion f o r  the  n a t u ra l f r e q u e n c i e s  and

c u r r e n t  distributions of th~’ natural modes. Since then many invest I—

gations have studied various thin—wire problems .

In recen t  t imes Tesche [3 ]  ana ly z ed  the  t h i n  wire s cat t er er

f rom the  s i n g u l a r i ty  expansion point of v i ew.  W i l t o n  and Umash ank~’r

[3 1 conduc ted  a pa rame t r i c  s tudy of an L shaped w i r e  us ing  the  sing-

ularity expansion method (S~~1). The ~ ‘tP~ i n t e ra ct i o n  w i t h  a t h i n

w ire abov e a gr ound plane using SEM was invest igated numerical ly 1w

Shumpert [5 1.  However , in more recent times Crow , et al. [P1 have

conducted an in depth study of the crossed wire structure u s i n g  SEM .

Even though many of these papers are helpful In the detertnina—

don of induced currents and charge densities on thin wire confi g—

urations , most of them utilize very complex and elaborat e numerical

*The e l e c t r o m a g n e t i c  p u l se  genera te d  1w a n u c l ea r  d e not a t i o n  is
g e n e r a l ly  referred to as the F,MP. 
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t e c h n i ques.  ho i ng n o t  Va ted hv 5on~e t e c h n i q u e s  used ear  I or , t tie

p r e s en t  i uve ’St i ga t  ‘n i t t  i l l  .:es ‘r ima r i i  y i na I v t  I cli i t e c hn  i qui’ s f o r

t i e  t r e ’a t m c n t  01 w i t -c con I , t u  r a t  i ons  in  I he pr ox  inn iv of .i loss~’

c r o u n d

Fh~~ s ec o nd C h a n t  or 0 1  I i  i s  re ’por  t ;~ r e s e n t s  t t ie t into i i . i rn ~o n i c

.tna I vs is  m d  coos  i d e r s  t h e  p1 . m e  wav e  i l l  utu l n a t  ion o I a s i n g l e  w i r e

ove r a y’c r c C  t -~i ’t tnd . ftc a pp r o a c h  ~ se ’ d o I lows  l , I V  I or • 0 t I i i  . t

f o r  h e ’ c u r r e n t  d t s r  r I hu t  ion In d u c e d  en a t r a i is~n I ss ion l i n e  1w a

ne’tiuii  i :o rn~ I c i  d . Suhs ~’qu ~’n t i v  t h e  p lane  wave  i l l  urn m a t  ion of

c ros  ~od vi  r .’ co n f i gt ira  t ion over  N’ r f o ct  g r o u n d  is con si der e d .  The

s i n g l e  w i r e  and c r o s se d  w i  ro  con f i gu r at  ions  a re’ ion  co ns i do r ed to

he in t h e  p r o x i m i ty  o f a l oss~’ gr ound  p l a n e ’ . T u e  t h  i rd ch ap  t or in-

c ludes  t r a n s ien t  an a ly s i s  w i t h  h r i~’f d e s c r i p t i o n  of  SliM . I t  p r e s e n t s

t h e ’ tec h n i q u e  f or  d e t e r m i n i ng  the  n . m t u r l  1 sued es  and i r equ cuc  fe ’S for

p e r f e c t  g r ound  , -is we’ll as loss~ g roun d  cons ide r at  I 0115 ut i Ii I ng SlIM .

N i~~e r i c a l  r~- s u I t s  o b t a i ne d  for  b o t h  s i n g l e  w i r e  and c ro ssed  w i r e  c o n— r
I i g ur at  ion ire  p r e s en t e d  in C ha p t e r  IV .  Ch ap t or V con ta ins  the  con—

c lu s i on s  and comments .

The .tc c u rat e  do to rm m a t  ion 0 f the  n a t  u ra 1 f rt’qu enc ies and

natural current node’s on a mathenia t i c a l  Iv  t r a c t ab l e  c o n f i g u ra t  ion

( e . g .  . the  crossed w i r e  e o n f i g u rat  ion ~ is an e ar ly  s tep  i n the s t u dy

of e l~ ’c tr oma~~n e t i c  f i e l d  t n t e r a c ti o n  w i t h  an a i r c r a f t  t h a t  w i l l  pro-

ceed to  more complex c o n f igu r a t i o n s . This  and ot h e r  top ics  are

considered in sein e’ d e t a i l  in t h i s  r e p o r t .

1~
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2 .  :‘‘_ ,i t i t ’ ~s S y t - ! l . i L s ’ s t l i , i t  1011 01 I l I c  S t i i ~~i e  ~~ i i C

l~V c ’t’ ‘,- r j e c t  i i  ‘ ‘ i1 i1 ~~

~~~~~~ t I It ’ ~1t ~ ’ • ha l o s  .mn ~I t t . tw I ~v ~‘ r c se’n t  Oil 0 0 It n u’  I t ’ i t —

o r i , - r t t e a l  ‘It ’ll t 0 1  1 he sca I t  t i  1f l5  ~‘t  
~
‘ I one ~~ o s I i- on .mil in I in  I t  c V

1si ~ w i t  e , m i ’o v e ’ .1 t~ r ommn i ‘1 . i t i e ’ . In  l i s t  ~‘-t ~’~’ r t h~~’ o i l  o ct  5 ~I 1 i c  - ‘ 5

I ossv gr o u n d  s’ l . s s i , - ar e  tieg 1 O c t  Oct h i L t  t h e~’ w er e  l a t e r  con s  i do red by I
Leo n. m r~l Sc h i  OSI ; i t t  ~ ~‘ r 1 . In  nb roe out  t I inc s ( row ’ , et  a 1 . (

~ I and

~) I i .mv ~’ a Iso  c o n d u c t  OcI 5 j~~1 j  r -
~ t t t ~I i , ’s I or  t ii in  v i  re 5 0 1  1 i i i  i t t ’

I en ~ t t t ’ovt ’ .1 ne ’ r O c t  gr ou n d  n 1 .m e’ app lv  i ng  p u r e  l v  nutti er i c  o I t e’c ti-

lt I q i l e s .

The p r ese n t  t~~v o s t  i g a t  i on  cons  i d e t  ( U t  I i i . - t u g  s i m p l e ’ . m t t . m  I v t  i

c m l  t ~‘c hn [qtu’ s ’i ;‘ l i t i e  w , iv~- i i  l u m i n a t  ion  o .m s i n g  I C ’ wire ~hovt’ a

g r ’ti l i , !  p1.1111 ’ . 1 n i t  l . m l i v  , he ’ po r t  •‘c t g r o u n d  c .t s e i s  ~ i t ’ se’ti t e~t

l o t e ’r th~’ i~ ’s sy  ~ r ound  p I ant ’ case is  d i  scu ssc ’d . I n  b o t h  cases

t r a o s m i ss l ot t  I ~~~ 1 i - , ’rv  i s  used , w h i c h  r e q u i r e s  t h ’  w i r e ’ he ig h t  t o

he much lOss  111.111 t he Is-ay e ’ l en g t h  I t l c I  t h e  v i t o  l~~n g t h .

In t h i s  Se’ i’ t ien we oh t J ill  t i le’ exp toss t on  1 0 r .t 5 ing  le W i r e ’ ov e r

pe’ r 1 o ct  g round  i l l  umi  nat  e’d by .m p 1 J I l t ’ W J V  0.  l l t e ~ ge’ne’ to I t ormu 1 . tt  lo i l

t or  the’ cur  r en t  d I s ;  t r (h u t  ion .t ~‘t t g  C t ie ’ t i i i  Ii cv I i it~.ie ~ r ( o r  W I  to du e

t o  norma l n I atte w,t t’ e’ i t ic ide’ti ct’ itas been oh t o  I ned b~’ l’.tv h e r , o t a 1 .

f or .i two w i r e  t r an s m i ss i o n  1 (U t ’ w i t h  .mrb I t  r , m r v  t e’ f l n i t i, mt  t on

Impedances , For t i l e’ prob te rn  cons idered here t h ~~’ s i n g l e ’ w i r e ’ w i t  it

i t  s o lee  t remit gne t ic I 111. 150 s I ,‘rr b- ; ~1 t We’ w i r e ’ t i- , mu 5111 1 S S  4 - 0 1 1  l i n e  ii i t  ii
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frequencies and associated current modes utilizing transntission

lin e theory in c o n j un c t i o n  w i t h  e lect romagne t i c  superposi t ion .

Consider the wire configuration oriented as shown in Figure

2 . 3 .  ~nitiallv t I i ~ current distributions are obtained considering

e x c i t a t i o n  a long  the  
~~

, or 
~ 

elements separate lv. Then the

ne t  c u r r e n t  d i s t r i b u t i o n  is ob t a ined  by t h e  s u m m a t i o n  of the  f o r i -—

go in g r e su l t s  v ia  superpos i t ion .

Case A. Consider the e x c i t a tio n  a l o n g  the - e l e m e n t  onl~’.a ‘

W i t h  r e f e r ence  to F igures  2 . 3  and 1 ,4  the  curren t on the ~ elementa

is o b t a i n e d  by t r e a t i n c~ tile c o n f i g u r a t i o n  shown in F igure  2 . 3 .

There are b a s i c a l ly  two j u n c t i on  condi t ions  t h a t  app ly  to t h i s

configuration. (1) The Kirchhoff’’ s current law must be satisfied

at the crossed wire junction and (2) junction voltages of the wires

are all equal. Ilence Z is infinite corresponding to the open end

= —~~—- + —i--- (9  ‘)
7.’i 1f 

- .

and where Z and i f are the impedances seen looking into the

transmission l ine formed by the tI and il, - e lement  w i t h  t h e i r
UI 1 ‘ 1

images , f ro m the j unc t i on , ~ is the equivalent impedance formed

consider ing Z~ and impedances in parallel. According ly

Z —J Z cot (k~~ )

where

Z 120 I n ( 2 h / a  ) (2 . 4)
cc Ii

and

Z
f 

= —j  7’cf  
cot  (k i f ) ( 2 . 5 )

11)
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I’ Sit i g  4,2,13) and (2.151 yields

$ SI sin k It ( s ’os k ) — I

SI . ~~ ~~~ ‘S~~ ’~~7~ + -‘~~~~~~~~~~~~~~~~~~
‘
~~~~~~~~~ ( ‘ . lh ’t

I ‘ 0  0 - I a

i ’e’r r e ’sp o i t d i n g I v  f o r  the  e’ I e ’tn o t i t s  I t  eon be’ shown t h a t

S I f l k ( S  — i - I
I (v , ,

‘
) — 1 (0, ~~~~ —~~~ 

“ 
-~~~~~~~~sin k c

where

—2 , 4E s in  K It (cos k ‘C — 1$ 0 a _, ——

~~~~ 
— —‘i Z cos k~ 

+j ’~~
’ sin k~~a 1 a

with a positive current directed away f rom the  j u n c t i o n .

Case B. Appl ying the same solution technique Its utilized for

Case A and considering the excitation along the  ¼
f 

element only , f

the current on 
~~~

, is ( f o r  ti t is case the  i nc iden t  f i e l d  Is d i r e c t —

ed in the —z
t 

direction requiring a c’erresponding sign chatige ’!

sink(n t —~ ) I+E si n k h

sin k  k ~ sin k S  ,~cI

k ( n ’ -S
f
1 + sin k 

~~~~
— s i n k n t l

where

sleE sin k It (cos k ~ - 
‘I —l - ,

‘‘ ‘‘ o t . (_  .19)T I — I~ (O ,j ~~ — — 
K Z cos k~ + j Z” sink

L I  t I f

— ‘-It a n k ”  t an k~
—j  

L ~~ ,l 
+ 

it j
i - i

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _



Due to the ditferent coordinate axes being in opposite directions

for and t
f 

elements , there is sign difference between (2.18)

and (2.19) and their corresponding equations , (2.10) and (2.11).

The curren t induced on ‘I element isa

s i n k (  — z )
1 ( Z ,j ~~) l

~ 
(0 , j~~) sin k S  ( 2 , 2 0 )

where

‘I 
Z, 4E sin k h (cos k 1 )—l

~ + Z k Z coskQ + j Z ” s i n k Z  (2 .21 )
a cf f 1 f

and the curren t induced on I elemen t is
Ic

sin k ( .~ — v )
I”(y,jw) = I” (O ,Jc ) sin k • (2 .22 )

where

I” 0 • + 

Z ’ 4E siti k h (cos k Q
f
)—l 

(2.23),jw  Z k Z cos k I + j  Z” sin kcf f i f

Case C. Once the current distribution over different elements

is obtained due to excitation along I and 2 elements the
a f

total currents can be easily determined utilizing superposition

theorem. It should be noted that the current distribut ion due to

the plane wave excitation along the elements cart be inferred

from the foregoing by using synunetry. To obtain the total currents

for the entire structure , results for Case A are added to the

corresponding results for Case B to yield ,
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, 
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~ —- -——— . ( 2 . 2 1.’!
~‘t n

wh or e

K -
1-i F s i n  K Li :. , t , t u i  - ;- + . t an  - - -- 0 .1 2

I t u 1 j ’ C -  
+

a - , L t

Sim iI .m r lv for t h e’ S

siii k (s , — .- ‘ ‘ !  
- . - -

I (.
~
‘ , j , ,  ~ — I , ( 0 , , ‘C - - - , - - ‘--- - 

I S i l l  K -

•. F s i n  k i t
- 

‘
~~ L s i u i k~~~~’ — s~~~ + s i n k 5  5 t11  K ; ’I~ ., ,,~~ sn  K 5  C

S 

i1. ~~~)

where

— k - ’ C  K S  ~~
—

—~ - s i  s i n  K it ~~~
‘ + ~: ‘ 11111 

‘ 

+ S I  L~~u - ~~~ -

— ° ~~. - ‘ I
k l~ ( Z 2. , )  

,,~ 
+ 

~ ( 2 . 2 7 ’ !

Lis t l i’  fo r  the  S e l e men t
.1

sii ’t k i 5 S —

(~~, ,) — ~ (O J ,’ !  a 
-a :1 sin K-— - m

4 E  s in k 11
+ k S I ,1 sin k S

~~ 

E s i n  k ; -  
a + s i n  K ‘

1
51t1 k 1 ( 2 .  2 S ’ C

whore

K S  ‘~~
-

I- s E sIn k i t  i,: + 2 2 ’ ! t i u u — - I 
~~~~~~~

t 0 , j ~ -)  — -- ________  
‘ 

~~~~~~~~~~~~~~~ L~~~L~La k[(.: +:  ,~ + ~ :: •,
~~ 

I-I I .1 
( 2 .2 ’) )

Note t h at  the j u n c t i o n  s ’u I r r , ’ i t t s  ~, i t ’ t ’n by 4, 2 .  l i ’ !, ( ‘ . 2 7 ’C  and

( 2 . 2 9 ’!  s a t i s fy  K i r ch h o f f ’ s current I , i w  . i t  t h e  cro ssed  wir e junction.
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2 .  Current Source Excitation o f  Crossed Wires Over a

Per f ec t Gro und Plane

To obtain a l l  the natural current modes and f r e qu e n c ie s  it is

convenient to consider the crossed wire structure t o  be driven from

.m c u r r e n t  sou cce  as shown in Fi gures 2 . 5  and 2 . 6 .  Then ap p l y i n g

t ransmission line theory , the  current and voltage along the

element are

~ (v ,j ,~ ) - ~
,
~~~~

_j k
~

’ 
+ ~

, jkv 
- ‘ 

(2.30)

- ~.L [~~~. ik \  
- ~, l k v

1 ( 2 . 3 1 )

where the following end conditions must be satisfied:

I ( S ,~~,, ’C - ~~~~ i~ t 0 1k 5 , _~
,
~~, ik s j — i ( 2 . 3 2 ’ !

and

V (0 ,j . - ) 
~

‘ i~~ ~
‘
2 1

_____— — — — -, _ _ _ _ _  
— —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ f l ’ C‘T c - V 1 — V SI Z~ Z ‘ ‘

~~
“ -

a

On pe r fo rming  ma thema tica l man ipula tion , (2.32) and (2.33’! \‘ield

2 (2  — 2  ) I
1 ~~I~~~~~~~T ~~~~~~~~~~~~~~~~~~ - “ 3 ‘CI ~ 2 2 + 7  Sin k , 

45 .”

~ :I + .1 ‘C 1
V , — +~ ~

- 
~~
‘- ,-

~~~
—

~~
-- - ,- -

~~
--  -

~~ 
— (2 .  3~’~- . 

‘ 
+ , , Sin k -

Using ( 2 .  3~ ’C and ( 2 .  3S’C in (2.31’! yields

1 ( v , j, , ) - I
:
, [Z c (C

J K Y  
+ ~S t k ’ C ” ! - 7 IkY ,, l kt” C 1 4 , 2 .  3p ’C
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w h o r e

I ’  - - 

~
• 

+

- - -

~~

-

~~~~ 

-
~~~~~~~ ( 2 .  17)

Ther e  t o r e

- 
co s K v + j  7~, s In K v

1 ( v , ,
~ ‘C - 

57 + T 5~~~~ 
1 (2.38’!

or

- 
cos k t’ + SI sin K ‘-~ -~~

— 
ces~~~~s 

~~~~~~~~~~~~~~~~~~~~~ j  . & 2 . t ’) ’C

where

‘ . 5. ”

7 
- 

Th ~~ (~ ( ‘C ’!T .: . : ‘.
I .‘ a 1 a I

and is the  p a r a l l e l  com b i n a t ion  ot ’ a l l  e le m e n t s  except the  one t h a t

is excited. The current on t h e S elemetit t h at  is  not CXCI ted

and on the  and S e l ements  may be obt a ined  h~’ the  use of

Kirchhot f ’ s current law a t  the’ j u n c t io n ,

-I , (O,j~ ”C I
~~

(O .,h . ’ C  + I ’ 4 , O .j , ) + I
f
(O.is ) ( 2 . 41 ’!

and the j unc t ion t ’o It age conditions ,

- - 1 4 , O , j . ’C — I
f
(O. I ‘) :~ -J ’ ’ C , ,~ ,, ’ C 7  ( 2 , -~2 ’C

Hence the current on the S element tha t Is not Jr (von is

l + ~~~~+ 7
_I_

l I ’(O,j,~-’C - - 1 (0,,,”! . ( 2 . 4 3 ’!
~
‘
“ 

‘_
t

_

~~0

~
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S I i t ’ currents on o t Iu~ r ~-I ei ’~’ii t ~ 01 1 hs ’ ~~ ire s ’ s ’ i t  I i ,~u r.t t ion ~‘ .iui b~’ ~, 
-

obtained simi larl y . ‘ l u cy  are *

s i t  k~~I — ~-f l1’ (y ’ , , )  1’ ~u3 , j , . ’C - ———
~~~ — ( 2. 4-. ’!-5 

~ - sin  K -

l . ,~~~~~ ‘C - 1 ( ~~~~ , ’C ~ i n k ( s
1- :~

~,, ‘C ~~~~~~~~~~~~~~~~~~~~~ ‘ ‘ C  
( 2 . -~ ”C

s t a  K ~~,. 
-

r e  ro~i 4 , 2  - .  I ‘I j~ J ~ 2.  i~ ) ‘C

+ j  —
~~

—
~
--- --‘---

~
- - - - ---‘ - ,-~~--- ----—--- . , 2 . ..7 ’C- 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

S t f lK s

C or r e sp o n dj n s l v  f o r  t h e  5
a 

and elements ,

I ( 0 , j  ) — + 

~~~~~~~~~ S i t i K S  4 , 2 . -.~~)

I
f~~

l~ ~~s ’ C  — + j  
~~~~~~~

‘ +~~~~~~~ ‘C 

~~0 
4, 2 . -. ’~’C

When the S element is excited by a c u r r e n t  source , thea

current on S , S - and e l emen t s  can he derived in a s i m i  1 ora I

manner and are  p resen t ed  as

*Ne~te t h a t  th e  v ‘ . ix i s  co i n c  ides  wi  t l i  t h e  v ,txjs except that it
is directed in the s~i I’c’site d i r e ct i on
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I ~_ . “0)

s i u i  K i S — v ‘ ‘ C

1 ’ (v ’, 1 ~‘u — I ‘ (0 , ‘C - - — — - - ( 2 .  S j
51, 0 $

sin  k 4 , S  — v ’)
I ( v , .- ’ !  — 1 (11 , i . ‘ C  — — - ---

~
-- ———

~
—--

~
------——--- - -— ( 2 .  S 2 ’C

‘ 5 ’ ,. ‘ S li t -I

4 s il l  k~~ - — 
~~~~

‘-) - -

- I ( 0 , j . ’C — 
sin K 5  ( 2 . ~~3 ’C

where

2 , 2 l
I ’ (O , j ’ C  — + — ( 2 .  ~~ )
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and h .ms been defined previously.

2 .~. Lossv Ground Plane Considerations

The propagation constant encountered in the earlier sections is

a real quantit Y for the perfect ground case only. However , under

iossv ground conditions the propagation constant becomes complex. 
J

Alth ough only a few investigators have considered the treatment of

‘1wires over a lossv ground plane , ri-mere has been remarkab le  p rogress .

Schiessinger ( J }  derived .i self contained expression f o r  the propa-

gation constant following Sunde (131 and Wait (l.~1. 
‘ I

Sunde ( 1 3 1  derived the propagat ion constan t  fo r  insulated - $

aerial conductors , accounting the finite conductivity of tue e ar t h

which gives rise to an increase in the longitudinal impedance and to 
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wire  con f igu ra t i ons  over a ground plane became va l id  f o r  the lossv

ground when the  propagat ion  cons tan t  of ( 2 . 6 8 )  is used in the

transmission line current and voltige expressions.

. 24

15~
.
~ 

--- -‘--— S- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ________



‘ I i  h l m i \  H I

H~~,\NS I I N I  \N .-\I.\ ’S I S

‘ . 1  ~ i u i ~ t m I , m r m t v  I \ ~’ iI5 ’~ i s ’i  M~~t ti5 ’5(

Si ~ l 1 s’s’ h i t i  t~~its ’ ~~~ i ;  t’ ,’~’ont  1 v t n t  r os tm m , -e d l’s’ h , m m u u  1” , t ~~i

I ~‘ s ’ I i l I  I ‘~~Ut ’ I st e I I i ~
- i , - u t t  l v  s’ h i a r m e I i - r i  .~ I h g  , m s ’ o n d m t s ’ t i t ig host C o o  $

1 ’ ’ ‘~ ‘lto, - I - ‘ , - l t  l i t ’ ~ I I O t i S I t’nt 01 St  e , m d y  5 1 , 4 1 * ’ 01 i ’c t r o m a cu t s ’ I i~ ’ C I I t u i i  -

I n o t  u o , t .  Au at - i ’  . m t I I v  7ua ~~ ’sI ~-~‘tidmm ~’t (mill oh’ i’, I i s  s’Ofl tj l  I t ’t * ‘ I v

~~l t , ~ t I t t  0 1  I . ~ SI l ’v tI~ e’t ’tU ~~I ( ’X  t i , m t e i t ’ a i  C t’ es~t is ’t m c i t ’ l l  I ‘‘il ’ ’t  h i t ’l’ w i t  ii I t s

,tllfi, ’O t . i t  s~t l 1 1 , 1 1 1 4 1  0 1  oim r tt ’ti t 1, 5 th’ di s t t  U nit  t Ot i S . l i i i ’ ‘ l O t  ho~i l l i .i \ ’  0’

4” 1 , 1 , 1 , 1  O S  mit s ’\ t  ( ‘110 ( o t t  5 ’t  or ~t t u i , - ’ -,-~ c i t o u t  t t -o t ’v  m et  t i o t i s  I , ’ ~i l o t  t t i ~~

m i t  ‘d ‘ t  ramt’t or si-s I t~l s . ‘Ci mi ti - o I I he ’ nt - c en t  F~lt’ h i t  ‘r u, - t t on  I t v , ’-~ I I —

s- mt I , ‘i i o , i t i , I  ‘;t tm,l t s’s i , m v -  m i t  I I I ‘cd t h e  S 1’1~I I s’s’hiti 1 quo . hot - m i n i s ’ 01 i t s

, i ~~’ , - - ;  t s’ S I ’~’ t os~limi (q i t e ’ is t p p  I I ~ s1 t o  t h e ’ w i r e ’ s’Ot i l C gu t - m t C 011 1

-
~~ t h a t  11 , - s ’ ’ l io  i d o r t ’d i n  t he’ Is ’m ’ ( ’ t l , ’ I og

t n t  t u , m I  I V .1 1 x I v, ’,’ t o t ’  I s  I ot ’me’J wIIs ’st , 01 t’fl te ’t t t it 1 1 0  t i l t ’

cu t  I , ’~ t t  J u s t  i - i  b i t t  I otis ott t ite ’ c t’ os~~~s1 w I  ti ’S , • 0 .

t, .’ ’ , i i ’ C

W i l e  I s ’ 1 = ,,‘ , i i i , I  ( 5  I ht ’ C 0t)i~ I e’\ I i t ’ ,
~~m t ’ii ~’v , t i t i ’ I 11 , 1 , ’ i, ‘

~ ,t t ’t i o I

l ii i ’ I :t ~ ’ I . m 5 ’,- I t m miii I s ’ f lf l .

l’imt ’mi i t t  II I: tm tg 41t 15t1 l i m i t ”  ( ‘\ 1’ , 4 t1 i 1011 1 t ’i ’ I i t i t - ~u i t ’ , l iii ’ ii , ’I  m i t

C ‘I t i l t ’ i,’i t o  ~‘ t t t ’ t ’ 0 m i t  S l l , i \  hi ’ ( ‘\ l ’t ’ , ’SiOSI I S

L 

___________________
—5-- —_- ‘— _- —



I~~t- , s’C I ’ - - - ---
~~

- t ( t ’ C  . 1 . 1 4
- l

‘1 ~ S t lie coup I l u g  ,‘ , ‘e i f  I~’ len t  m u d t m ’ C  IS  t I l e ’ i t t i  h t . I t U i ’ ll 1 1 1 0 t h ’

amid wite r e’ t It o no I i i  r. m I f t’eque tic Los s .m r - t t tos~’ non t u’ iv  I a I e oiitp 1 OX

f re’quons’ I n s  obt  .i I t ied  hi’ t it s ’ c o m p l e x  4 ” . m l im e ’s ot  s t t i .m I i’ I i ’ I d

i~~~~~~~~~~
’ , s ’ C  — 1) ( 1 . 2 1

( -  • s’!  - 0 ( 1 . i ’ C

01’

I 
‘ 

(v , s ’) — 0 ( 1 . -~ ‘C

(‘lie i ’ec t s r  i 4, r ’C rep r ei- iet i t  s t h e  no i- ttt .m I I ?t ’tl c’uu ’re ’mi t d 1st r I bu t  i O t t

t o  r t h e ’ ‘t Ii n a t u r a l  f t’ e’qmie ’nc v or tie - \  t Ii n ot  u r~m 1 cur  r en t  tit~ de’ . I t

t . ’i dot  tn e5 l  , m s

I r ’ C  ~‘ 

~~~~~~~~~~~ 
I ( r , s )  • ( 1 . “ C

w h o  t c ’ c Is .i c on st a nt  . msl ‘ust ott so that the max inium v , m l ime ’ o I .Ini ’

e l emen t  ot  I ( r ’ !  is  equa I to  I

A c c o r d I n g  Iv t l ien t his’ cou p  I in g 5 ’~~, - t f  i c  l en t  vt I s  sit ’ f t n e ’cI sus ’ht

t h a t

‘ l i i i
n I ( r ’ C  — — , I 4, m ’ ,5~ 4,

1 - t  S ’ S  1
5 0

Itouei’ e’ $ I t  st t , st i  I ~l be’ no t c’s! t Ii .m t t h e ’ n . m  t h u  r a t  C r e’q tmens ’ l o s  ( ‘ u  5 (nip I c

p o l e  s in g u l  . m t ’l t t~ ’s’! 0 1  14 ,  r , ii) ,o’~’si m In 5’omp l o x  k -o n t u g , u t s ’ p. m i t s  s l u t e ’

_ _ _  _ _ _ _ _ _ _ _  -- - ‘ ~~~~~



‘

~
‘

~

t hi s’ ~ t i t ’  m c i i  I nmu ~; l’s’ ~ ci rt’ I v ~~~ I In (lit ’ t Cmiii ’ tho rium i n .  I I  ot t  I v  (tie ’

t r equt’ns ’ I tn-u , ‘t  (tie’ t h i l i’d qu5 mdt ’ m m t t t  ol  I hi ’ com p l e x  s— ~’l O t t O  .1 i i ’ ~‘ t ’ t i —

iii de r ed hen I lit ’ 1 1 1111 ’ slont a I i i  M i l l itt I ott t o t ’  I tttpti 1st ’ ex , ’ i t  1 1 ( 1  OI l  i s

1 ( r , t ’ C  — .2 I- ’ R i’ i’
’
,~~ j (s ’) , ( 1  ~~‘C

~~ I L ” - ‘  0

1 .2 N o t t m r m m l t” t’ t ’pmcn c i i ’ u : m t i t t  A~~S2 s_e’ l i t  oil N~m t m m t . i  I Cu m i’it ’utt

~C , ’, ht ’S t’ , s m ’ - i  I’ i ’ i t  ee l  I :  m o t u t i d  ‘

.m t u ’  WOVe ’ I I I mmn t i n ot  t o n  ,‘ t t li t ’ l u g  h o wI t - c’ i ’Ve’ r j’i’t - t ‘ , ‘ C ~ r , ’timid

has hee’mt I ~‘ run t h a t  e’d i t t  1t ’c i~’mt .‘ . I . i i i  I Ii l u  Me’ s’ I i ,stt u,i~ 01st a C m i  I lit ’

n a t u r a l  1
’ requem i e  is ’s t or t Ii ~~ coil t~ t guit’ im t (on u nit c ou tp u ts’ t ii~ osu I t

w i t  Ii t l t o s t ’ oh ’ t . m I u it ’d hi’ 01  lu i ~ n I uivi ’s I I gum t ,s u ’ ,u i t t  I I I . I ng d l i  I i ’ t , ’ii t

ulp t ’ t ’O uis ’tit ’s .

Ft ’onm ( ‘( I t i t i t  is ’ii 4 , 1 .  1 ‘C

o 1” s l i t  K It

k~ ~~~~~~~~~~~~~~ 

— , - k in  K ( .’ ~~~~ 1- s l i t  K — s i t s  K . 1  ~~ l . S’C

iii wi t  ( e~lt i i  I I ’ m  t Omt~ t. ’t’ ’~ l t . mu ’ t ’ bi ’t ,u do I C nod ~‘.m i l l  c i .  N o t e ’ t I t o I t l it ’

e’tiV ref lt  I 4 , ; , l - ’C d i ver g es  at n o l m i r u i l I t’ t ’q m u ’t t , ’ i t ’s I , ’t’ w h t i ~’I t

s lut I-u S — 0 4,

, ‘t when

K — ‘
~
-
~~

- .

• ,,
~ • ‘C , • . • Wh i s ’ i ’ s’ S Is t lit ’ ~ ( t s ~ I t’ngt ii.



-~~ ‘----~~~~~~~~~~~ - -

For the perfect ground case at-md free space conditions above the

ground the propaga t ion cons tan t is pure ly  rea l

k — j  i Y Z  (3 ,  [ 1)

where the characteristic impedance of the transmission l ine f o rmed

by the single wire and its image is

Z = ~~~~~~~ (3.l’l’C

Thus

1
— — 

~~
-
~~~

— (3.  13)
10 ’

relates  the na tu ra l  f r equenc ies  tha t are observed ti ’ be independent

of the hei ght  above the ground . These n a t u ra l  f r e q u e n c i e s  be ing

purely real differ from the complex ones found by Tesche [3 1  for

the wires in f ree  space , (a different physical confi guration), hut

are similar  to the ones dete rmined by Umashanker , Shunipert and Wil—

ton [16) for wires over a perfect ground plane .

The crossed wire configura tion is more difficult to analyze In

t ha t  there are two independent conditions for which the induced

currents  d iverge  and one requires a numer ic a l  sea rch fo r  the  n a t u r a l

frequenc ies. Both divergence conditions occur for this ’ c u r r e n t

source excita tion (section 2.3) but only one c o n d i t i o n  a rises  when

plane wave exc itation Is considered (section 2.14 .

In the first attempt to obtain t h e  frequencies f o r  w h i c h  t h e

curr ents In (2.414 , (2.50) . (1.51) and (2. ”11) nov d i v i ’r g o , I t  is

IS



noted that both (2.42) and (2.50) diverge as Z~~ 0 since

Z
T Z ,,~ 0

and

I ’( 0 , j ,~-) 
~ ~~~~~~~ 

j 
~~~~~~~~~ 

,, ( 3 .14)  F
w 

~,) -~

whece

- eos k~~ 
-

z = — j z
cw s i n k s

(A)

Accordingly the natural frequencies are the frequencies for which

Z = 0 . Hence they satisfy

k~ = (2~ — 1) j ’  = 1, 2 , 3 , .

Or in the complex s—plane the natural frequencies are

s j(2a —1) ~~~— a 1, 2, 3, .

However , it should be noted that I and I remain finite at thea f

foregoing natural frequencies.

is 

A second condition for which the crossed wire currents diverge

z + z  — O
IA) T

The frequencies for which the foregoing is satisfied can be obtained

by a numerical search routine programed for the digital computer.

29
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The natural current modes are  th en  determined for this ’ mssc ’ I—

at ed  n a t u r a l  f r e q u e n c  l i -s as t o  1 lows;  o . g. , 5’ s ’ns I dor  i n g  t l i e ’ 1 I rst

n a t u r a l  f re q u e n cy  K — 2 .  5ts S . By t r i a l  and s’ rt’ om - i t  is  s ’un d

t h a t  I is l a r ger  t h a n  I - and I , m t  k = k . For t h i sa ‘ I

f r equency 1 Is then adjusted so t h a t

sin k 1 ( e  - 
~)

— 
s in (3 .1 : ’)

s in  k , ( S  - — z ’)
- 0.1506 sin

’
k 1

t
~~1 

- ( 3 . l h ’ C

sin k 1 (~ —

I (~ ~~~~ — (y ’ ~~~ — — 0 . 4 2 9 1  
sI n K , ~~~~ 

( 3 .  19)

Plots of the f i r st  six natural modes for crossed wires over a ground

plane  are shown in F igures  4 . 1 th rough  Fi gure 4 . is . Ana lv t  Ic r e s u l t s

are also presented in Appendix A.

3.3 Natural Frequencies for a Lossy (“round P lat t e

The na tura l f r equencies  f or wi res  over a lossv groun d p l a n e  are

obtained by using Chapter II and the  divergence conditioti (3.l0’C .

Hence thi ’ natural frequencies for a sing le wire are obtained by

f i n d i n g  the  fr e q u e n c i e s  for  w h i ch  the fo  I low i t - m g  is sat [stied

1 1 + ’ C  hr~~ --
I + -

~~~~~
-
~~~— . iii- 

-~ I - _ hi 
~ Ii I

L ~n —  g 
iJ

This expression must  be solved n u mt i r i c . i l l v  to  oh t . i  in the  n . m t u r a l

f r e q u en cy  f o r  eac h I n t e ge r  .t . R e su l t s  ore present 5’d in Chapter IV 
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source exCitation)
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ji-. c’-.usS

10 jiS . 7050

* With reference to Fi gures  2 . 3  and 2 . 3
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~~i g u re  —~.1: Patural c u rr e at  u u o d e  for  a cro s seC  n -i re
st r u ct u r e  over ~ ~ r C t _ u u~d p l ane , t r a u~sNj s~~~c-a
line form ulat:on resu ,t s  f o r  L = —

= l,9~~ I a r r c~-,-~~~i a dj c a t e  cu i r e c j oli s
assumed for positive c -~r r e n t ) .  
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~igure  . 2 :  h a tu r a l  c u r r en t  node f o r  a c rossed  w ir e
structure over a ground  p l a n e , t r a r , s—
miss ion  l i ne  f o r m u l a t i o n  r e s uL t s  f o r
L = = + f ’  ~a ”~~f = l.~~~1I (arrows
indicate directions assumed for To sit ive
current).
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S I I C t  I O N  V

CON C L U S I ON  A N D i~~1~!FN T S

The s t u dy  of t.’i r e  conf iguru,tt ions in t h e ’ p r o x i m !  t v  ci I c u-isv

g round  i s  u s e f u l  In t he  EMP simulat iou-u studies of al r o r u t t [IS].

As 4-- 4- ’nu pare’d to o t h e r  more e l ab or a  to , conup le x at-m d pure ’ Iv flslin e’r i,-a I

I ee’Im I o t ies  U t  iii ~ed for tli is in Is ’ root ion ‘rob lent , t h e  Ih e o n t.’ t i -a 1—

n u mer i c a l  approach p re sen ted  her s’ i s  much s i m p l e r .  Boo i de s , t l t e

s t e p — h ~’— s t e p  approach  enables  t h e  r e a d e r  to  o b ta i n  a u l e a n  cu n d e’r—

s t a n d i n g  of t h e  in t e r a c t ion  p r o b l e m .

In caSt’ of a single wire over a p erls ’ctly conducting ground

p lane , the na tu ra l  f r e q u e n c ie s , as shown in s e c t ion  3.1, a rc ’ inde-

pendent  of the he igh t  above the  ground.  I t  s h o u l d  .u I so  be n o t e d

t h a t  in th i s  case the imaginar y pa r t s  of the  n a t u r a l  f r e q u e n c ie s

are  close to those of the  wire  in f r e e  space . For the  s i ng l e  wire

above lossv ground plane the natural frequencies for different

ground parameters arc tabulated in Chapter IV. Tables -~..l and .~.2

reveal that for a typical set of parameters such as radius of wire ,

height of the wire above a ground plane , and length of the wire .

wtth the change in ground conductivity and dielectric constant .

there is not  much change in the resonating natural f r e q u e n c i e s

i_ z e r o s ) .  But Tables .
~.3 and 4.

.~ indica te that the real part otT the

cor es  becomes more nega tive with the de cremen t of t he  hei ght  of the

s i ng l e  wire  above a ground plane. The agreement of t h i s  observut—

t ion w i t h  the results obtained by other l n v o u - i t i g a t s-irs v e r i f ie s  the

pre-sont~ d analysis of t h i n  w i r e  c o n f i g u ra t i o n s .

4 1



r t  should  a l s o  be n o t e d  t h a t  the  crossed wi r e  c o n f i g u r a t i o n

illumi nated hr a ~‘lane wave does not excite all  the n a t u r a l  modes.

However , t u e  cr ossed  wi re  c o n f i g u r a t i o n  e x c it e d  f rom e i t h e r  end b

,~ c u r r e n t  sou rc e  o X O i t ~~ t i o f l  does e x c it e  a l l  t h e  n a t u r a l  nodes. TI -me

determined natural frequencies at-m d the associated natural current

modes thus obtained are in ~ood agreement  w it h  those obtained by

Crow , et al. [us] (as shown in Tables 4 .5  and 3 .6 , and Figures 4.1

t h r o u g h  3 . 6 ) .  - 
- - , .

-4 -,
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